Blonanserin differs from currently used serotonin 5-HT 2A /dopamine-D 2 receptor antagonists in that it exhibits higher affinity for dopamine-D 2/3 receptors than for serotonin 5-HT 2A receptors. We investigated the involvement of dopamine-D 3 receptors in the effects of blonanserin on cognitive impairment in an animal model of schizophrenia. We also sought to elucidate the molecular mechanism underlying this involvement. Blonanserin, as well as olanzapine, significantly ameliorated phencyclidine (PCP)-induced impairment of visual-recognition memory, as demonstrated by the novel-object recognition test (NORT) and increased extracellular dopamine levels in the medial prefrontal cortex (mPFC). With blonanserin, both of these effects were antagonized by DOI (a serotonin 5-HT 2A receptor agonist) and 7-OH-DPAT (a dopamine-D 3 receptor agonist), whereas the effects of olanzapine were antagonized by DOI but not by 7-OH-DPAT. The ameliorating effect was also antagonized by SCH23390 (a dopamine-D 1 receptor antagonist) and H-89 (a protein kinase A (PKA) inhibitor). Blonanserin significantly remediated the decrease in phosphorylation levels of PKA at Thr 197 and of NR1 (an essential subunit of N-methyl-D-aspartate (NMDA) receptors) at Ser 897 by PKA in the mPFC after a NORT training session in the PCP-administered mice. There were no differences in the levels of NR1 phosphorylated at Ser 896 by PKC in any group. These results suggest that the ameliorating effect of blonanserin on PCP-induced cognitive impairment is associated with indirect functional stimulation of the dopamine-D 1 -PKA-NMDA receptor pathway following augmentation of dopaminergic neurotransmission due to inhibition of both dopamine-D 3 and serotonin 5-HT 2A receptors in the mPFC.
INTRODUCTION
Schizophrenia is characterized by cognitive impairments as well as positive and negative symptoms (Freedman, 2003) . Cognitive impairments are more pervasive than positive and negative symptoms, and fluctuate less over time, and they are strongly associated with poor psychosocial functioning (Spaulding et al, 1994) . The impairments are thought to arise from dopaminergic and/or glutamatergic hypofunctioning that leads to hypostimulation of dopamine-D 1 receptors and/or N-methyl-D-aspartate (NMDA) receptors, respectively, in the dorsolateral prefrontal cortex (dlPFC) of patients with schizophrenia (Javitt, 2007) . The dlPFC in humans corresponds to the medial PFC (mPFC) of rodents (Brown and Bowman, 2002) .
Blonanserin has a binding profile unique among the atypical antipsychotic drugs (APDs) in that it exhibits a higher affinity for dopamine-D 2/3 receptors than for serotonin 5-HT 2A receptors. In fact, the compound has been termed a dopamine-serotonin antagonist (DSA) (Tenjin et al, 2013) . Clinically, blonanserin exhibits atypical APD properties, with efficacy against positive and negative symptoms and cognitive impairments (Tenjin et al, 2013) . It is also generally well tolerated and appears to have an acceptable profile in terms of body-weight gain. Potential tolerability benefits of the drug in short-term trials with schizophrenia patients included fewer extrapyramidal symptoms (EPS) than with haloperidol (Garcia et al, 2009) and fewer reports of prolactin-level increases (hyperprolactinemia) than with risperidone (Takahashi et al, 2013) . In animal studies, blonanserin has shown activity in reducing several psychobehavioral abnormalities in mice administered phencyclidine (PCP), a noncompetitive NMDA receptor antagonist that induces schizophrenia-like psychotomimetic states in humans and rodents (Castner et al, 2004; Javitt and Zukin, 1991; Morris et al, 2005; Noda et al, 2001; Noda et al, 1995) . PCP-induced hyperlocomotion, which is considered a model of the positive symptoms of schizophrenia, was significantly antagonized by blonanserin. Potentiation of forced swimming-induced immobility by PCP, an animal model of schizophrenic negative symptoms, was also antagonized by blonanserin as well as by other atypical APDs (Nagai et al, 2003) . Recently, blonanserin has shown to reverse the PCP-induced cognitive impairment in NORT due to indirect serotonin 5-HT 1A receptor agonism in rats (Horiguchi and Meltzer, 2013) .
The preclinical evidence suggests that dopamine-D 3 receptors influence cognition by modulating the mPFC functions despite the relatively few dopamine-D 3 receptors in this region (Nakajima et al, 2013) . Unlike other atypical APDs, blonanserin has a high affinity for dopamine-D 3 receptors (Tenjin et al, 2013 ) and enhances cognitive function in schizophrenia (Tenjin et al, 2012) . However, the mechanism of the ameliorating effect of blonanserin on cognitive impairment remains unclear despite basic and clinic studies.
The aim of this study was to examine the effect of blonanserin on the impairment of visual-recognition memory induced in mice by repeated PCP administration and to further elucidate the involvement of dopamine-D 3 and/or serotonin 5-HT 2A receptors in this model. The study was also designed to analyze the postsynaptic mechanisms underlying the effect of blonanserin on impairment of visual-recognition memory. We found that blonanserin indirectly activates dopamine and NMDA receptors following augmentation of dopaminergic neurotransmission in the mPFC.
MATERIALS AND METHODS

Animals
Male mice of the ICR strain (Japan SLC, Shizuoka, Japan), aged 6 weeks at the beginning of the experiments, were used. The animals were housed in plastic cages kept in a regulated environment (22 ± 2 1C, 55 ± 10% humidity), with a 12:12 h light:dark cycle (lights on at 0800 hours). Food (CE2; CLEA Japan, Tokyo, Japan) and tap water were available ad libitum.
Behavioral experiments were performed in a soundattenuated and air-regulated room, to which mice were habituated for at least 1 h. All experiments were conducted blind to treatment and in accordance with the Meijo University Faculty of Pharmacy Guidelines for Animal Experiments. The procedures involving animals and their care conformed to the international guidelines set out in the Principles of Laboratory Animal Care (National Institutes of Health publication no. 85-23, revised 1985) .
Drugs
Blonanserin was supplied by Dainippon Sumitomo Pharma (Osaka, Japan). Olanzapine (Toronto Research Chemicals, Toronto, Canada), DOI (R( À )-2,5-dimethoxy-4-iodoamphetamine hydrochloride; RBI-Funakoshi, Tokyo, Japan), 7-OH-DPAT ((±)-7-hydroxy N,N-di-n-propyl-2-aminotetralin hydrobromide; RBI-Funakoshi), SCH23390 (R( þ )-7-chloro-8-hydroxy-3-methyl-1-phenyl-2,3,4,5-tetrahydro-1H-3-benzazepine hydrochloride; (RBI-Funakoshi), and H-89 (N-[2-(p-bromocinnamylamino) ethyl]-5-isoquinolinesulfonamide; Sigma-Aldrich, St Louis, MO, USA) were used. PCP was synthesized by the authors according to the method described by Maddox et al (1965) and was checked for purity.
Blonanserin and olanzapine were initially dissolved in a minimum amount of 1.0 N HCl and diluted with saline. DOI, 7-OH-DPAT, SCH23390, H-89, and PCP were dissolved in saline.
Drug Treatments
The mice received saline or PCP (10 mg/kg/day, s.c.) once a day for 14 consecutive days (Noda et al, 1995) . The novelobject recognition test (NORT) and microdialysis experiment were started 1 day and 3 days, respectively, after withdrawal of PCP administration. The saline-or PCPadministered mice were treated with blonanserin (1 or 3 mg/kg, p.o.) or olanzapine (1 or 3 mg/kg, p.o.) using a disposable feeding needle 30 min before the NORT training session or immediately after baseline collection in the microdialysis experiment. DOI (3 mg/kg, i.p.) was injected 25 min after treatment with blonanserin or olanzapine. 7-OH-DPAT (0.05 mg/kg, i.p.) and SCH23390 (0.02 mg/kg, s.c.) were injected 30 min before treatment with blonanserin or olanzapine. H-89 (0.03 or 0.1 nmol/ml) was bilaterally administered into the medial prefrontal cortex (mPFC: anteroposterior (AP): þ 1.7 mm, mediolateral (ML): ±0.5 mm from bregma, dorsoventral (DV): À 2 mm from the skull) according to the atlas (Paxinos and Franklin, 1997) , 30 min before the NORT training session. The doses of 7-OH-DPAT, used as a dopamine-D 3 receptor agonist, were based on previous reports demonstrating activation of dopamine-D 3 receptors at low doses and increased occupancy of dopamine-D 2 receptors at higher doses (40.3 mg/kg) (Ahlenius and Salmi, 1994; Daly and Waddington, 1993; Levant et al, 1996; Pritchard et al, 2003) . The doses of blonanserin and olanzapine used in the present study were determined in previous experiments (Enomoto et al, 2005; Nagai et al, 2003) . The doses of the other drugs were also based on previous publications (Mori et al, 1997; Nagai et al, 2003; Noda et al, 2010) . All compounds except H-89 were systemically administered at a volume of 0.1 ml/10 g body weight. Control mice received the same volume of vehicle.
NORT
The task was carried out on days 1-5 after the final injection of PCP in accordance with the method described by Hida et al (2014) , with a minor modification. The experimental apparatus consisted of a Plexiglas open-field box (30 cm Â 30 cm Â 35 cm), the floor of which was covered with paper bedding. The apparatus was placed in a soundisolated room.
The NORT procedure consisted of three sessions: habituation, training, and retention. Each mouse was individually habituated to the box, with 10 min of exploration in the absence of objects on each of the 3 consecutive days (habituation sessions). During the training session on day 4, two objects (A and B) were symmetrically fixed to the floor of the box, 8 cm away from the sidewalls. The experimenter used a pair of stopwatches to record the time spent exploring each object. A mouse was then placed in the middle front of the box, and the total time spent in exploring the two objects was recorded for 10 min. Exploration of an object was defined as directing the nose to the object at a distance of o2 cm and/or touching it with the nose. After the training session, the mouse was immediately returned to its home cage. During the retention session on day 5, the mouse was returned to the same box 24 h after the training session, with one of the familiar objects (eg, A) used during the training session replaced by a novel object, C. The mouse was allowed to explore freely for 10 min, and the time spent exploring each object was recorded as before. Throughout the experiments, the objects were used in a counterbalanced manner in terms of their physical complexity and emotional neutrality. A preference index-the ratio of time spent exploring either of the two objects (training session) or the novel object (retention session) to the total amount of time spent exploring both objects-was used to assess cognitive function, eg, A or B/( B þ A ) Â 100 (%) in the training session, and B or C/( B þ C ) Â 100 in the retention session. To analyze locomotor activity, the floor of the open field was divided into 16 identical squares, and the number of times that a mouse crossed from one square to another over 10 min was recorded.
Microdialysis
On day 16 after the start of PCP administration (the second day after PCP withdrawal), the mice were anesthetized with sodium pentobarbital (50 mg/kg, i.p.) and fixed in a stereotaxic apparatus (David Kopf Instruments, Tujunga, CA). A guide cannula (AG-4; Eicom, Kyoto, Japan) was implanted in the mPFC (AP: þ 1.7 mm, ML: À 0.3 mm from the bregma, DV: À 1.5 mm from the skull) according to the atlas. On day 17 (24 h after implantation of the guide cannula and the third day after PCP withdrawal), a dialysis probe (A-I-4-02; membrane length 2 mm, Eicom) was implanted into the mPFC, and Ringer solution (147 mM NaCl, 4 mM KCl, and 2.3 mM CaCl 2 ) was perfused at a flow rate of 1.0 ml/min. The dialysate was collected every 10 min, and the dopamine concentration was determined using an HPLC system (HTEC-500; Eicom) with electrochemical detection. Three samples were taken to establish baseline levels of extracellular dopamine. After treatment with blonanserin or olanzapine, dialysate was collected for a further 240 min, with Ringer perfusion as before.
Western Blotting Analysis
Western blotting was performed as previously described (Hida et al, 2014) , with a minor modification. The mice were killed by decapitation after the NORT training session, and the brain immediately removed. The mPFC, hippocampus, and striatum samples were dissected out according to the atlas. Rabbit anti-phospho-PKA (Thr 197 ) (1:1000; Cell Signaling), rabbit anti-PKA (1:1000; Cell Signaling), rabbit anti-phospho-NR1 (Ser 897 ) (1:1000; Millipore), rabbit antiphospho-NR1 (Ser 896 ) (1:1000; Upstate Biotechnology), rabbit anti-NR1 (1:1000; Santa Cruz), and goat anti-b-actin (1:500, Santa Cruz Biotechnology) antibodies were used as primary antibodies. Horseradish peroxidase-conjugated anti-rabbit (1:2000; Kierkegaard & Perry Laboratories) and anti-goat IgG (1:1000; Kierkegaard & Perry Laboratories) were used as secondary antibodies. To evaluate PKA or NR1 activation, phosphorylated PKA or NR1 levels were normalized to total PKA or NR-1 levels on the same membranes, and then each phosphorylated/total level was normalized to the basal phosphorylated/total level of saline control mice.
Real-Time RT-PCR
Total RNA was isolated using a NucleoSpin RNA kit (Takara Bio, Otsu, Japan). Reverse transcription was performed with a PrimeScript RT reagent Kit (Perfect Real Time; Takara Bio) under the conditions recommended by the manufacturer. Real-time PCR analysis was undertaken using SYBR Premix Ex Taq (Takara Bio). Data were collected using a StepOnePlus System (Applied Biosystems, Foster City, CA, USA). The mouse NR1 primers used were as follows: 5 0 -ACTCCCAACGACCACTTCAC-3 0 (forward) and 5 0 -GTAG ACGCGCATCATCTCAA-3 0 (reverse). Partial cDNA sequences of mouse NR1 have been deposited in the National Center for Biotechnology Information (NCBI) GenBank database (accession number: BC039157). All primers were purchased from Takara Bio. The real-time PCR conditions were as follows: amplification consisted of an initial step (95 1C for 30 s), 40 cycles of denaturation for 5 s at 95 1C, and annealing for 1 min at 60 1C. The expression levels of NR1 analyzed by real-time RT-PCR were quantified by comparison with a standard curve and normalized relative to the levels of glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
Statistical Analysis
Statistical significance was determined using one-way analysis of variance (ANOVA) or two-way ANOVA with repeated measures, followed by Bonferroni's test and Fisher's PLSD test for multigroup comparisons. p-Valueso0.05 were taken to indicate significance.
RESULTS
Effect of Blonanserin on the Impairment of Visual-Recognition Memory in Mice that Received Repeated PCP Administration, in Comparison with that of Olanzapine
We examined whether PCP-induced cognitive impairment was reversed by blonanserin as well as olanzapine, one of the atypical APDs. One day after PCP withdrawal, mice were subjected to the NORT. Blonanserin (1 and 3 mg/kg, p.o.) and olanzapine (1 and 3 mg/kg, p.o.) were treated acutely 30 min before the training session.
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As shown in Figure 1a and c, repeated PCP administration significantly reduced the exploratory preference for a novel object in the retention session, compared with repeated saline administration. Treatment with blonanserin (3 mg/kg, p.o.) and olanzapine (3 mg/kg, p.o.) significantly ameliorated the cognitive impairment in PCP-administered mice without affecting exploratory preference in saline-administered mice (Figure 1a and c). In PCP-administered mice, neither blonanserin nor olanzapine affected exploratory preference between the objects in the training session. In addition, neither drug affected the total exploration time in either the training or the retention sessions (Figure 1b and d) . There was no difference in the locomotor activity during the training session between PCP/vehicle-and PCP/blonanserinadministered mice or between saline/vehicle-and saline/ blonanserin-administered mice (data not shown). Blonanserin has been demonstrated to have a high affinity not only for dopamine-D 2 receptors but also for serotonin 5-HT 2A and dopamine-D 3 receptors (Tenjin et al, 2013) . To determine whether the ameliorating effect of blonanserin on PCP-induced cognitive impairment involves serotonin 5-HT 2A or dopamine-D 3 receptors, we employed DOI, a serotonin 5-HT 2A receptor agonist, and 7-OH-DPAT, a dopamine-D 3 receptor agonist, by testing their effect on the cognitive amelioration induced by blonanserin in PCPadministered mice.
In the NORT training session, there was no difference in exploratory preference for the objects across all groups (Figure 2 ). DOI (3 mg/kg, i.p.) significantly and completely prevented the ameliorating effects of blonanserin and olanzapine on the impairment of visual-recognition memory in PCP-administered mice (Figure 2a and c) . 7-OH-DPAT (0.05 mg/kg, i.p.) also significantly and completely prevented the ameliorating effect of blonanserin (Figure 2e ), whereas it had no effect on that of olanzapine (Figure 2g) .
In saline control mice, DOI and 7-OH-DPAT at the doses used had no effect on the novel-object recognition performances (Figure 2 ). The blocking effect of DOI and 7-OH-DPAT on blonanserin-and olanzapine-induced amelioration of exploratory preference reduction in PCPadministered mice was not associated with changes in the total exploration time (Figure 2b We have previously demonstrated that repeated PCP administration disables dopaminergic neurotransmission in the mPFC of mice, where such transmission is necessary for visual-recognition memory (Mouri et al, 2007; Nagai et al, 2009) . We asked whether blonanserin and olanzapine, at a dose (3 mg/kg) that ameliorates cognitive impairment of PCP-administered mice, facilitate dopamine release in the mPFC of PCP-administered mice.
Our previous study demonstrated that the levels of extracellular dopamine decreased slightly in the mPFC of PCP-administered mice compared with saline-administered mice, and the change in the basal levels was mirrored in the dopaminergic response to potassium stimulation at a high concentration (Wang et al, 2007) . There was no difference in the basal levels of extracellular dopamine in the mPFC of any PCP-administered groups in the present study (data not shown). As shown in Figure 3 , blonanserin and olanzapine caused a marked increase in the levels of extracellular dopamine in the mPFC of PCP-administered mice (Figure 3 ). When DOI (3 mg/kg, i.p.) was administered 25 min after blonanserin or olanzapine treatment, increases in the levels of extracellular dopamine induced by either drug were significantly diminished (Figure 3a and b) . 7-OH-DPAT (0.05 mg/kg, i.p.) also significantly inhibited blonanserin-induced increases in the levels of extracellular dopamine (Figure 3c ), but it did not inhibit the dopamineincreasing effect of olanzapine (Figure 3d ). 7-OH-DPAT or DOI in the absence of any APD did not affect the levels of extracellular dopamine in the mPFC (Figure 3a-d) .
Involvement of Intracellular Signaling through Dopamine-D 1 Receptors in Cognitive Amelioration by Blonanserin in PCP-Administered Mice
Previous studies have shown that when repeated PCP administration induces cognitive impairment in mice, the impairment is accompanied by dysfunction of the dopamine-D 1 receptors in the mPFC (Mouri et al, 2007) . We asked whether the ameliorating effect of blonanserin follows from the increased levels of extracellular dopamine the APD induces in the mPFC, acting through activation of dopamine-D 1 receptor to PKA signaling. SCH23390 (0.02 mg/kg, s.c.), a dopamine-D 1 receptor antagonist, and H-89 (0.1 nmol/ml, bilaterally), a PKA inhibitor, significantly and completely prevented the ameliorating effect of blonanserin on PCP-induced cognitive impairment (Figure 4a and e) but not H-89 (0.03 nmol/ml) ( Figure 4c ). Exploratory preference across objects during the training session was unaffected. In saline control mice, SCH23390 and H-89 had no effect on novel-object recognition performance (Figure 4a , c and e). In PCP-administered mice, SCH23390 and H-89 also had no effect on the total exploration time in either the training or the retention sessions ( Figure 4b, d and f) .
The phospholyrated levels of PKA at Thr 197 in the PCPadministered mice were significantly decreased in the mPFC compared with those in the saline control mice (Figure 5a ) but not in the hippocampus or striatum (Supplementary Figure S1a and c) . Blonanserin (3 mg/kg) significantly remediated the decrease in phosphorylation levels, and this effect was significantly blocked by SCH23390 in the mPFC (Figure 5a ). There was no significant groupwise variation in the levels of total PKA (Figure 5b , Supplementary Figure  S1b and d) .
It is well known that PKA phosphorylates NR1, an essential subunit of NMDA receptors, at Ser 897 and regulates its functions (Mouri et al, 2007) . To examine further the mechanism by which blonanserin ameliorates the impairment of visual-recognition memory in PCP-administered mice, we examined the effect of blonanserin on the Ser 897 -phosphorylation level of NR1 in the mPFC, hippocampus, and striatum of PCP-administered mice immediately after the training session. Without blonanserin, the Ser 897 -phosphorylation levels at this point were significantly decreased compared with the saline control mice in the mPFC (Figure 5c ) but not the hippocampus or striatum (Supplementary Figure S2a and c) . Blonanserin (3 mg/kg) significantly remediated the decrease in phosphorylation levels, and this effect was significantly blocked by SCH23390 in the mPFC (Figure 5c ). However, there was no significant difference in the levels of NR1 phosphorylated at Ser 896 (as opposed to Ser 897 ), which is phosphorylated by PKC (as opposed to PKA), in the mPFC (Figure 5d) , hippocampus, or striatum (data not shown) across all groups. There was no significant groupwise variation in the levels of total NR1 (Figure 5e , Supplementary Figure S2b and d) . The mRNA levels of NR1 were also not significantly diferrent in the mPFC, hippocampus, or striatum (Supplementary Figure S3) .
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DISCUSSION
We have reconfirmed that PCP-administered mice show impaired novelty discrimination in the NORT that is consistent with previous reports (Nagai et al, 2009) . It is unlikely that the impairment these mice exhibit in learning and memory tasks is due to changes in motivation relative to the controls, although various motivational processes are involved in the behavioral task. The fact that PCP reduced the exploratory preference for novel objects in the retention session could be interpreted as neophobia. However, involvement of motivation and/or neophobia can be excluded, because PCP administration had no effect on total time devoted to exploration of novel objects during the training session. Therefore it is likely that the performance impairment seen in PCP-administered mice is due to learning and/or memory deficits. Blonanserin inhibits serotonin 5-HT 2A and dopamine-D 2/ 3 receptors (Tenjin et al, 2013) . Blonanserin significantly ameliorated the cognitive impairment induced by PCP as seen in the NORT, but at a dose of 3 mg/kg it had no effect on total exploration time recorded during the training session. It is unlikely that the observed amelioration of task-performance impairment was due to changes in motivation in PCP-administered mice. Blonanserin also had no effect on performance, such as augmentation of visual-recognition memory by itself in saline-administered mice. Similar phenomena were observed in olanzapinetreated, saline-, and PCP-administered mice. Therefore, it appears that blonanserin and olanzapine ameliorate the impairment of visual-recognition memory caused by repeated PCP administration in mice. In addition, the effect of blonanserin on impairment of visual-recognition memory may be due to an effect in acquisition ('learning'), not consolidation or retention ('memory'), because the PCPadministered mice were treated with blonanserin before the training, not after the training or before the test sessions.
The ameliorating effect of blonanserin on impairment of visual-recognition memory was prevented by treatment with DOI, a serotonin 5-HT 2A receptor agonist, and 7-OH-DPAT, a dopamine-D 3 receptor agonist, at doses that did not significantly affect the performance of the saline control mice. Our findings with 7-OH-DPAT should be interpreted in the context of the known selectivity of 7-OH-DPAT at the dopamine-D 3 vs -D 2 receptors. We had already found that haloperidol, a dopamine-D 2 receptor antagonist, failed to Ameliorating effect of blonanserin via dopamine-D 3 receptor H Hida et al was canceled only by DOI, not by 7-OH-DPAT. From the present results, and reports that blonanserin has a higher affinity for dopamine-D 3 receptors than olanzapine (Ki ¼ 0.49 nM vs 49 nM) (DeLeon et al, 2004; Tenjin et al, 2013) , our conclusion is that blonanserin ameliorates PCPinduced cognitive impairment by antagonizing both serotonin 5-HT 2A and dopamine-D 3 receptors and shows a pharmacological efficacy different from that of olanzapine.
On the other hand, subeffective dose of tandospirone potentiated the ability of blonanserin to counteract the PCPinduced cognitive impairment (Horiguchi and Meltzer, 2013) , although blonanserin itself has low affinity for serotonin 5-HT 1A receptors (Ki ¼ 804 nM; Tenjin et al, 2013) . It cannot be ruled out that, despite its markedly lower affinity for serotonin 5-HT 1A receptors than for serotonin 5-HT 2A /dopamine-D 3 receptors in binding studies, blonanserin may stimulate serotonin 5-HT 1A receptors via an allosteric or other mechanism (Horiguchi and Meltzer, 2013) . Further studies will be needed to clarify the functional relationship between serotonin 5-HT 2A /dopamine-D 3 and 5-HT 1A receptors in the ameliorating effect of blonanserin on cognitive impairment.
Accumulating evidence suggests that the dopaminergic system in the mPFC is involved in cognitive function. For instance, disruption of dopaminergic neurotransmission in the mPFC of nonhuman primates by infusion of dopamine-D 1 receptor antagonists or by excitotoxic lesion impairs the performance of object retrieval-detour and delayed-response tasks (Dias et al, 1996a, b; Sawaguchi and Goldman-Rakic, 1991) . Accordingly, cognitive impairments in schizophrenia may be associated with deficits in dopaminergic neurotransmission in the mPFC. Serotonin 5-HT 2A receptors are widely distributed in the brain, with their highest concentrations in the cortex (Hoyer et al, 1986; Meltzer et al, 2003) . The atypical APDs, represented by olanzapine and risperidone, facilitate dopamine release in the mPFC, striatum, and hypophysis through antagonism of serotonin 5-HT 2A receptors. The facilitating effects of atypical APDs on dopamine release in these regions are critical for the amelioration of cognitive impairments, negative symptoms, and side effects of APDs, such as EPS and hyperprolactinemia (Meltzer and McGurk, 1999) . The previous and present in vivo microdialysis experiments showed that the basal extracellular dopamine levels in the mPFC of PCP-administered mice were slightly decreased (Wang et al, 2007) and that both blonanserin and olanzapine significantly increased dopamine release in the mPFC of PCP-administered mice at the same dose that ameliorated cognitive impairment. These dopamine-release effects of blonanserin and olanzapine were antagonized by DOI. The findings suggest that the antagonism of serotonin 5-HT 2A receptors by blonanserin and olanzapine is at least partly responsible, via facilitation of dopamine release in the mPFC, for the amelioration of PCP-induced cognitive impairment.
On the other hand, dopamine-D 3 receptors have a dual role as autoreceptors and postsynaptic receptors at dopaminergic synapses (Diaz et al, 1995; Diaz et al, 2000; Levesque et al, 1992) . Pharmacological studies suggest that dopamine-D 3 receptors acting as autoreceptors negatively modulate dopamine release (Gross and Drescher, 2012) . Ohno et al (2010) found that AD-6048, a primary metabolite of blonanserin, shows a higher affinity for dopamine-D 3 receptors than for dopamine-D 2 receptors, which at least partly explains the atypical nature of blonanserin and its low EPS liability. In fact, selective dopamine-D 3 receptor antagonists are known to attenuate APD-induced EPS, and APDs that activate mesolimbic dopaminergic systems show reduced EPS liability (Gyertyan and Saghy, 2007; Gyertyan et al, 2008; Millan et al, 1997; Perrault et al, 1997) . Antagonism of dopamine-D 3 , but not D 2 , receptors can also enhance cortical cognitive function by facilitating the release and synthesis of dopamine by the mesocortical dopaminergic system (Gobert et al, 1995; Gross and Drescher, 2012; Nakajima et al, 2013; Watson et al 2012a, b) . We found that the disinhibiting effect of blonanserin, but not of olanzapine, on dopamine release was antagonized by 7-OH-DPAT at the same dose that antagonized the ameliorating effect of blonanserin on cognitive impairment. These results strongly suggest that blonanserin ameliorates PCP-induced impairment of visualrecognition memory by antagonizing dopamine-D 3 receptors, in addition to serotonin 5-HT 2A receptors, thereby stimulating the release of dopamine in the mPFC.
Previous studies have shown that the cognitive impairments in PCP-administered mice are accompanied by dysfunction of the dopamine-D 1 (but not dopamine-D 2 ) and/or NMDA receptors in the mPFC (Abekawa et al, 2006) . Coimmunoprecipitation studies using homogenates from the mPFC as well as the hippocampus have demonstrated that dopamine-D 1 receptors are close enough to the NR1 subunit to affect its activity (Kruse et al, 2009) . In vitro physiological studies using pyramidal cells from the mPFC of rats have demonstrated that NMDA receptor functions are facilitated by a dopamine-D 1 receptor agonist, SKF38393, and the facilitation is dependent on PKA and intracellular calcium (Tseng and O'Donnell, 2004) . In the present study, the ameliorating effect of blonanserin on PCP-induced cognitive impairment was completely blocked by pretreatment with a dopamine-D 1 receptor antagonist, SCH23390, or a PKA inhibitor, H-89, at doses not affecting the performance of saline control mice. It is unlikely that the relatively high affinity of SCH23390 for serotonin 5-HT 2A receptors has a role in its antagonism, because ( þ ) SCH23390 at the doses used in the present study fail to affect the in vivo binding of [ 3 H]spiperone in the rat prefrontal cortex (Bischoff et al, 1986) . That is, SCH23390 selectively antagonizes dopamine-D 1 receptors, enabling it to act independently of serotonin 5-HT 2A receptors. Blonanserin significantly remediated the decrease in the levels of Thr 197 -phosphorylated PKA, and this effect was significantly blocked by SCH23390 in the mPFC of PCPadministered mice. Accordingly, these results suggest that the ameliorating effect of blonanserin on PCP-induced cognitive impairment is related to the activation of dopamine-D 1 receptor-PKA signaling in the mPFC. In the future, however, more direct investigation to detect PKA enzyme activity is needed to determine the relationship between the phosphorylated form and enzyme activity of PKA. The abnormally decreased levels of Ser 897 -phosphorylated NR1, which is phosphorylated by PKA, in the mPFC of the PCPadministered mice were significantly increased by blonanserin, the effect being blocked by SCH23390. There was no significant difference in the levels of Ser 896 -phosphorylated NR1, which is phosphorylated by PKC rather than PKA, in the mPFC in any group. The detected effects were not observed in the hippocampus or striatum. Further experiments are needed to clarify the brain region-specific effect of blonanserin, because it might be caused by the difference in neuronal projections or receptor expressions and/or sensitivity to effects of blonanserin in each brain region (Gurevich and Joyce, 1999; Marek, 2007) . Our findings suggest that dopamine-D 1 receptor-PKA signaling is required for the ameliorating effect of blonanserin on cognitive impairment. In addition, activation of NMDA receptors in the mPFC through dopamine-D 1 receptor-PKA, but not PKC, signaling is critical for visual-recognition memory in PCP-administered mice.
In conclusion, the ameliorating effect of blonanserin on PCP-induced cognitive impairment is associated with indirect activation of NMDA receptors due to Ser 897 -phosphorylation of the NR1 subunit, a step linked to dopamine-D 1 receptor-PKA signaling following facilitation of dopamine release in vivo. The latter is due to a dual antagonism of serotonin 5-HT 2A and dopamine-D 3 receptors by blonanserin. These findings also provide in vivo evidence that blonanserin augments dopaminergic neurotransmission in the mPFC through antagonizing of dopamine-D 3 receptors.
FUNDING AND DISCLOSURE
